A B S T R A C T In the majority of patients with gout and excessive uric acid production, underlying enzyme abnormalities have not been identified. In the present study, measurement of both the rate of generation and concentration of phosphoribosylpyrophosphate (PP-ribose-P) and the concentration of ribose-5-phosphate in cultured cells were undertaken to establish a classification of purine overproducers to direct study of additional enzyme defects. Fibroblasts were cultured from 24 individuals assigned to 4 groups: group 1, 5 normal controls; group 2, 5 patients with gout and normal daily urinary uric acid excretion (gouty controls); group 3, 7 patients with well-defined enzyme abnormalities and excessive urinary uric acid excretion (4 with hypoxanthine-guanine phosphoribosyltransferase deficiency and 3 with excessive PP-ribose-P synthetase activity); and group 4, 7 patients with gout and excessive uric acid excretion but without grossly abnormal activities of the above enzymes in erythrocyte lysates.
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In all 14 fibroblast strains from patients showing excessive production of uric acid (groups 3 and 4), rates of purine synthesis de novo and PP-ribose-P concentrations exceeded values for cells from control groups. Cells from group 3 patients with hypoxanthine-guanine phosphoribosyltransferase deficiency showed normal PPribose-P generation, while those with excessive PP-ri-bose-P synthetase activity demonstrated increased generation of this regulatory substrate. All strains from group 3 patients had normal ribose-5-phosphate concentrations. Five cell strains from group 4 patients showed one of the two patterns of abnormalities in these measurements seen in strains from group 3 patients: two resembled hypoxanthine-guanine phosphoribosyltransferase-deficient cells, and three resembled cells with excessive PP-ribose-P synthetase activity. Analyses of erythrocyte enzyme preparations from two of these patients in group 4 have led to identification of a kinetic variant of each enzyme as predicted from the foregoing patterns. Two additional group 4 cell lines that showed increased ribose-5-phosphate concentrations in addition to increased PP-ribose-P concentrations and generation were classified in a separate subgroup, since in these individuals excessive purine synthesis appeared to result from increased ribose-5-phosphate concentration, leading to increased availability of PP-ribose-P. No abnormality in either hypoxanthine-guanine phosphoribosyltransferase or PP-ribose-P synthetase has been found in erythrocyte preparations from one patient so classified.
INTRODUCTION
The hyperuricemia of a substantial number of patients with gout results from excessive synthesis of purine nucleotides (1) . Although a variety of genetically determined enzyme aberrations that result in purine overproduction have been identified among these individuals (2) (3) (4) (5) 28 normal men receiving purine-free diet.
$ Data for this patient previously reported (14) . § Data for these patients previously reported (11) .
ficiencies of hypoxanthine-guanine phosphoribosyltransferase (EC 2.4.2.8) activity (3, 4) and excessive activity of phosphoribosylpyrophosphate (PP-ribose-P)1 synthetase (EC 2.7.6.1) (5, 6), established causes of purine overproduction, appear to be relatively rare (7, 8) , and it is estimated that no more than 10% of patients excreting excessive amounts of uric acid in the urine manifest presently identifiable inborn errors of purine metabolism (7) . Our experience in the measurement of the activities of these enzymes of purine metabolism in erythrocyte lysates from nearly 100 individuals with gout and uric acid overproduction has confirmed the rarity of enzyme aberrations detected by standard screening techniques. A different approach to the identification of either additional enzyme abnormalities or subtle variants of pres1Abbreviations used in this paper: DPBS, Dulbecco's phosphate-buffered saline; FGAR, a-N-formylglycinamide ribotide; KRP, Krebs-Ringer phosphate buffer; PP-ribose-P, 5-phosphoribosyl 1-pyrophosphate; ribose-5-P, ribose-5-phosphate.
ently known abnormalities has therefore been developed. This approach is based on measurement in cultured fibroblasts of the intracellular concentration and generation of the nucleotide precursor PP-ribose-P and the concentration of ribose-5-phosphate (ribose-5-P). These measurements provide a functional evaluation of the production and (secondarily) utilization of PP-ribose-P and can shed light on the mechanism of purine overproduction in a given individual. The present study indicates their usefulness in classifying patients with uric acid overproduction into subgroups whose specific enzymatic defects may then be corroborated by biochemical and enzymatic techniques. Table I . Plasma and urinary uric acid determinations were made by the enzymatic ultraviolet spectrophotometric method (9) , and measurement of urinary creatinine was carried out by the method of Taussky (10) . After all medication except colchicine had been withheld for 1 wk, production of uric acid in each patient was assessed by measurement of the daily urinary uric acid excretion during the last 3 days of the week-long administration of a purine-free diet of 2,600 cal containing 1 g protein/kg body weight. Purine overproduction was defined by the urinary excretion of more than 600 mg of uric acid/day (1) . Activities of the enzymes hypoxanthine-guanine phosphoribosyltransferase, adenine phosphoribosyltransferase (EC 2.4.2.7), and PP-ribose-P synthetase in erythrocyte lysates were determined radiochemically at saturating concentrations of the respective substrates by previously described methods (4, 11) . The labeled substrates used in these enzyme assays were [8-14C] hypoxanthine (5 mCi/mmol), [8- "C]adenine 5 mCi/mmol), and [8-"C]adenine (60 mCi/mmol), respectively (all products of Amersham/Searle Corp., Arlington Heights, Ill.). Erythrocyte PP-ribose-P concentration was measured as previously described (11) .
As also shown in Table I , each individual was assigned to one of four groups according to clinical status, daily urinary acid excretion, and the results of the enzyme determinations. Group 1 consisted of five normal male skin biopsy donors (normal controls). Group 2 was composed of five hyperuricemic adult men with episodes of acute monoarticular gout (confirmed by demonstration of monosodium urate crystals in synovial fluid) and normal daily urinary uric acid excretion (gouty controls). Seven patients with excessive urinary uric acid excretion and either marked deficiency of hypoxanthine-guanine phosphoribosyltransferase or excessive PP-ribose-P synthetase activity comprised group 3. Among the hypoxanthint-guanine phosphoribosyltransferase-deficient males, two children had virtually complete absence of enzyme activity and typical features of the Lesch-Nyhan syndrome (3, 12) , and two adult patients with gout had less severe deficiencies (4) , with up to 3% residual enzyme activity. Two brothers and the daughter of one of these patients had increased PPribose-P synthetase activity (6, 11) . (Despite absence of clinical symptoms, the 18-yr-old girl with increased PPribose-P synthetase activity has previously been shown to excrete excessive amounts of uric acid in the urine [11] ). Group 4 was composed of seven male patients with gout and excessive urinary uric acid excretion whose erythrocyte enzyme activities were normal (six patients) or nearly normal (one patient). In patient D. B., erythrocyte hypoxanthine-guanine phosphoribosyltransferase activity was 60% of the mean for normal individuals, and adenine phosphoribosyltransferase activity was increased approximately twofold. Although increased adenine phosphoribosyltransferase activity is commonly encountered in erythrocytes from patients with deficiencies of hypoxanthine-guanine phosphoribosyltransferase (13) , the deficiency manifested in the latter enzyme activity was milder than has been previously associated with purine overproduction and clinical gout (14) , prompting inclusion of this patient in group 4 for further evaluation.
Plan and rationale of study. After classification of the skin biopsy donors, measurements of the rate of purine synthesis de novo and of the activities of the previously mentioned enzymes were undertaken in each fibroblast strain to confirm in these strains the results of the urinary uric acid excretion and the erythrocyte lysate enzyme studies, respectively. Determinations of intracellular PP-ribose-P and ribose-5-P concentrations and generation of PP-ribose-P were then carried out in each cell strain to test the prediction that the results of these three measurements would permit classification of individuals with purine overproduction into the four subgroups shown in Table II . The value of the proposed classification in directing further study would then lie in establishing an association of each subgroup with abnormality in a particular enzyme reaction (or group of reactions) as postulated in Table II . Thus, for the fibroblasts of group 3 patients, in whom excessive uric acid production was associated with one or the other of two well-defined enzyme abnormalities, the patterns of proposed subgroups II and III (Table II) were predicted for excessive PP-ribose-P synthetase activity and hypoxanthineguanine phosphoribosyltransferase deficiency, respectively. Conversely, classification of group 4 patients with uric acid overproduction of unknown etiology was intended to direct intensive enzyme analyses that would confirm or deny the value of the classification procedure in predicting subtle enzyme alterations or new enzyme defects.
Tissue culture methods. Fibroblasts were grown and propagated in monolayer (15) on plastic roller bottles in Eagle's minimal essential medium with 10% fetal calf serum supplemented with 2 mM glutamine, nonessential amino acids, penicillin (50 U/ml), and streptomycin (50 /Ag/ml).
Cells were grown at 370C under 1 atm of 5%o C02 in air. All experiments to be described were carried out with cells grown to confluence. For each cell strain, enzyme determinations and estimations of the rates of purine synthesis were made in duplicate on at least two occasions, and the other biochemical determinations described below were made in triplicate on at least three occasions representing different generations of the cells in culture. In up to 18 generations, the same cell strain showed no major difference in any single study and for this reason, the results of the measurements have been combined for analysis. Preparation of cell suspensions. The medium was decanted from the bottle, and the cell monolayer was washed four times with 10-ml aliquots of calcium-free Dulbecco's phosphate-buffered saline containing 5.5 mM glucose (DP-BS). The cells were then removed from the surface of the roller bottle by incubation for 3 min at 370C in DPBS containing 0.02% tetrasodium EDTA and 0.05% trypsin.
After completion of trypsin treatment, 10 ml of 10% fetal calf serum in DPBS was added, and the cells were transferred to 50-ml plastic centrifuge cups. The roller bottles were washed twice more with the phosphate-buffered saline solution, and the washings were added to the initial washing before centrifugation at 2,000 g for 5 min in a Sorvall RC-3 centrifuge (Dupont Instruments, Sorvall Operations, Newtown, Conn.). The supernatant layer was then removed by aspiration, and the cell pellet was washed twice more with DPBS. After completion of the second washing step, the supernatant layer was removed, and the cells resuspended at a density of 5-10 X 106/ml in Krebs-Ringer phosphate buffer (pH 7.4) with 5.5 mM glucose (KRP). The suspension was incubated at 370C for 20 min with shaking in a water bath. After this incubation, 100 jsl of cell suspension was diluted to 1 ml in KRP containing 0.04%o trypan blue, and this suspension was incubated at 370C for 5-10 min before enumeration of the viable cells on a Spencer Bright-line hemocytometer (American Optical Corp., Scientific Instrument Div., Buffalo, N. Y.). Except for enzyme activities, all values for determinations made in fibroblasts and described in Results are expressed per million viable cells. Suspensions in which less than 90% of cells were viable were discarded before analysis.
Biochemical determinations. The rate of the early steps of purine nucleotide synthesis de novo was estimated by measurement of the rate of incorporation of [14C]formate (59 mCi/mmol; Amersham/Searle) into a-N-formylglycinamide ribotide (FGAR) in cells blocked in the further conversion of this compound by the glutamine antagonist azaserine at a concentration of 0.3 mM (16, 17) . This method provides a useful estimate of the rate of purine nucleotide synthesis de novo (16) , and in previous studies in fibroblasts derived from normal individuals and patients with a variety of abnormalities of purine metabolism, results of this method have correlated well with in vivo determinations of rates of purine synthesis de novo (11, 14, 15) . For the present study, the generation and extraction of labeled FGAR was carried out as previously described (15), and a thin layer chromatographic separation of FGAR from other labeled compounds was achieved by the method of Boyle et al. (18) .
Fibroblast PP-ribose-P concentration and generation (11) and activities of hypoxanthine-guanine phosphoribosyltransferase (19) , adenine phosphoribosyltransferase (20) , and PP-ribose-P synthetase (11) were measured by previously described methods. In brief, PP-ribose-P concentration was determined by the conversion of [8-'4C] adenine (60 mCi/ mmol; Amersham/Searle) to [14C]AMP in the presence of highly purified adenine phosphoribosyltransferase (21) . PPribose-P generation has previously been defined (11) as follows: PP-ribose-P generation = (PP-ribose-P concentration after incubation with adenine + total incorporation of adenine into purine nucleotides and nucleic acids) -PPribose-P concentration before addition of adenine.
Incorporation of adenine into purine nucleotides and nucleic acids was measured with [1'Cladenine as previously described by Raivio and Seegmiller (22) . Two methods were developed for the measurement of fibroblast ribose-5-P concentrations, and extracts of each fibroblast strain were analyzed for ribose-5-P by each method. Both methods utilized the conversion of ribose-5-P to PP-ribose-P by purified preparations of erythrocyte PPribose-P synthetase. In the first assay, PP-ribose-P synthetase, purified 200-1,000-fold (23), converted ribose-5-P in heat-treated fibroblast extracts, prepared as described previously (11) , to PP-ribose-P. The PP-ribose-P thus generated was converted in the same reaction mixture to labeled AMP as described above. Ribose-5-P concentration equaled the difference between the total amount of ["4C]AMP generated from labeled adenine by fibroblast extracts incubated in the presence of partially purified PP-ribose-P synthetase ("ribose-5-P + PP-ribose-P"), and the amount generated in a parallel incubation mixture in which this enzyme was omitted ("PP-ribose-P only"). The reaction mixture (pH 7.4) contained the following in a volume of 120 Al: TrisHCl (pH 7.4), 5 /mol; disodium EDTA, 50 nmol; reduced glutathione, 250 nmol; [14C]adenine, 10 nmol; highly purified adenine phosphoribosyltransferase, 1 ,ug; ATP, 106 nmol; magnesium chloride, 750 nmol; sodium phosphate buffer (pH 7.4), 4.2 ,umol; supernate of heat-treated fibroblast extract containing 0.05-1.50 nmol of ribose-5-P and/or PP-ribose-P; and either 0.8 pg of PP-ribose-P synthetase or an equal volume of water.
After incubation for 60 min at 37°C, a portion of the reaction mixture was applied directly to a cellulose thinlayer chromatography sheet (Eastman Kodak Co., Rochester, N. Y.); separation and counting of [14C] AMP was carried out as described previously (24) . Agreement between the measurements of PP-ribose-P concentration in the standard assay and in the PP-ribose-P only assay was within 3%, and recoveries of ribose-5-P and PP-ribose-P added to fibroblast extracts as internal controls were over 95%. Standard curves for authentic ribose-5-P and PPribose-P were linear to at least 2 nmol in the assay. Fibroblast extract was omitted in the assay blank for the ribose-5-P + PP-ribose-P determination; fibroblast extract and PP-ribose-P synthetase were both omitted in the blank for the PP-ribose-P only assay. Finally, the partially purified preparations of PP-ribose-P synthetase did not catalyze conversion of ribose-5-P in the absence of ATP and did not produce PP-ribose-P from ribose-1-phosphate or from ribulose-5-phosphate.
The alternative method for determination of ribose-5-P concentration was modified from the method of Fox and Kelley (25) and involved measurement of the ribose-5-Pdependent generation of ['4C]AMP from ["C]ATP in the presence of an excess of highly purified PP-ribose-P synthetase. More than 1,000-fold purification of the enzyme (23) was found necessary for this assay to avoid ribose-5-P-independent generation of AMP from ATP. Fibroblast PP-Ribose-P and Ribose-5-Phosphate in Purine Overproduction ribose-5-P and highly purified PP-ribose-P synthetase, 0. varied over a concentration range from 2 to 500 ,uM, and PP-ribose-P concentration was varied from 10 to 1,000 /AM, with MgCl2 concentration 5 mM in excess of PP-ribose-P concentration. Kinetic analyses of PP-ribose-P synthetase were performed similarly, as described in detail elsewhere (28) , and affinity constants for substrates of both enzymes were determined from least squares analyses of the secondary plots of velocity intercepts versus the reciprocal of the fixed substrate concentrations.
Thermal inactivation of the crude hypoxanthine-guanine phosphoribosyltransferase was studied at 80°C (14) and of partially purified PP-ribose-P synthetase at 55°C (28) . Mobility of PP-ribose-P synthetase on cellulose acetate gel was determined by electrophoresis in a buffer system previously described (29) . The enzyme was identified by means of an activity stain that depends on the generation of ATP from AMP and PP-ribose-P in a reversal of the usual PPribose-P synthetase reaction (30 I Value previously reported (11) .
When compared with strains derived from normal individuals (group 1) or from patients with gout and normal uric acid excretion (group 2), the rates of the early steps of purine synthesis de novo were increased in each of the 14 fibroblast strains from patients with excessive urinary uric acid excretion (groups 3 and 4) (Table IV) . The magnitude of the increased rate of accumulation of FGAR varied in individual strains from 1.9 to 5.6-fold the rate of the control groups. The rates of purine synthesis de novo in cultures from individuals in groups 1 and 2 were indistinguishable.
In intact normal cells, purine synthesis de novo is inhibited by incubation with adenine or hypoxanthine (31) . The effects on FGAR accumulation of 1 mM and 0.1 mM concentrations of these compounds were studied in the 24 fibroblast strains (Table IV) . Purine synthesis de novo in cells from group 3 patients with hypoxanthine-guanine phosphoribosyltransferase deficiency was 312 M. A. Becker (Fig. 1) . The uniformly increased PP-ribose-P concentration in fibroblasts from patients in group 4 contrasts with previous reports in which erythrocyte PP-ribose-P concentrations were increased in only a small proportion of individuals with uric acid overproduction of unknown etiology (11, 32) . Erythro- FIGURE 1 PP-ribose-P concentrations in cultured fibroblasts. Solid circle indicates mean and brackets±1 SD from mean for each cell strain. PP-ribose-P concentrations were determined in triplicate on at least three different occasions for each strain. Shaded bar represents±2 SD from mean determined for strains from normal (group 1) patients.
cyte PP-ribose-P concentrations were measured in the majority of the fibroblast donors in this study and are shown in Table I . In each of the five patients in group 3 in whom this determination was made, erythrocyte PPribose-P concentration was more than 2 SD greater than the mean for a large group of normal individuals. Erythrocyte PP-ribose-P concentrations in four of the six patients from group 4 in whom this determination was made were also increased. Despite the high degree of correlation between erythrocyte and fibroblast PPribose-P concentrations (r = 0.92; P <0.01 by t test) for the entire group studied, however, dissociation between erythrocyte and fibroblast PP-ribose-P concentrations was observed in the remaining two patients in group 4 in whom increased fibroblast concentrations of PP-ribose-P were accompanied by normal erythrocyte concentrations.
Generation of PP-ribose-P by intact fibroblasts is shown in Fig. 2 . Compared with PP-ribose-P generation in cells from individuals in the control groups, group 3 patients with excessive PP-ribose-P synthetase activity generated this compound at nearly twice the rate. Generation of PP-ribose-P in cells deficient in hypoxanthineguanine phosphoribosyltransferase activity, however, was comparable to that of the cells from the control groups. In strains from patients in group 4, PP-ribose-P generation was normal in two (D. B. and S. P.) and above normal in the other five. PP-ribose-P generation among these latter cell strains exceeded that of cells with excessive PP-ribose-P synthetase activity in two cases (B. P. and P. G.) and was comparable or slightly less in the remaining three.
The ribose-5-P concentrations in fibroblasts from individuals in groups 1, 2, and 3 were comparable, and the
FIGuRE 2 Generation of PP-ribose-P in cultured fibroblasts. Symbols are those described for Fig. 1 . Determinations were made in triplicate on at least three different occasions for each strain.
range of variation (Fig. 3 ) was narrow. Fibroblasts from three patients in group 4, however, showed abnormalities in ribose-5-P concentrations: ribose-5-P concentration was more than 2 SD below the mean for groups 1 and 2 in one strain (B. P.) in which increased PP-ribose-P concentration and generation were found; in two other strains (P. G. and G. A.), also with increased PP-ribose-P concentration and generation, the ribose-5-P concentrations were more than 2 SD greater than the mean for the control groups. Concentrations of ribose-5-P were normal in the four additional group 4 strains, two of which showed normal and two of which showed increased PP-ribose-P generation. Three of the four predicted patterns of variation from the normal values of fibroblast PP-ribose-P concentra- tion and generation and ribose-5-P concentration (Table II) were seen in cells from the uric acid overproducers of groups 3 and 4. Two of these categories were typified by the cells with well-known enzyme abnormalities included in group 3: deficiency of hypoxanthine-guanine phosphoribosyltransferase activity and increased PP-ribose-P synthetase activity. In the former, PP-ribose-P concentration was increased while generation of this compound and ribose-5-P concentration were normal (subgroup III); in the latter, PP-ribose-P generation as well as concentration was increased and ribose-5-P concentration was normal (subgroup II). Five of the seven strains derived from group 4 patients showed one of these two patterns, and on this basis were classified as follows: D. B. and S. P. in subgroup III, and B. P., P. B., and J. A. in subgroup II. The two additional strains from group 4 patients, however, showed increased concentrations of ribose-5-P as well as increased PP-ribose-P concentrations and generations, and these individuals (P. G. and G. A.) were classified in subgroup I.
The value of this classification of uric acid overproducers in directing further analysis of the basic defects in individual patients was assessed by more detailed study of hypoxanthine-guanine phosphoribosyltransferase and PP-ribose-P synthetase in erythrocytes from three of the seven patients (D. B., B. P., and P. G.), one each from the first three subgroups shown in Table II . These studies (Table V) established abnormal kinetic characteristics for hypoxanthine-guanine phosphoribosyltransferase and PP-ribose-P synthetase in the cells of patients D. B. and B. P., respectively. The abnormal thermal sensitivity and the fourfold diminished affinity of the hypoxanthine-guanine phosphoribosyltransferase of patient D. B. for the substrates hypoxanthine and guanine, and the electrophoretic alteration and the increased affinity for the substrate ribose-5-P of the PP-ribose-P synthetase of patient B. P. indicate abnormalities in enzyme structure that explain the biochemical abnormalities and increased rates of purine synthesis de novo in the fibroblasts of these patients. No abnormality in either of these enzymes was detected in erythrocytes from patient P. G.
DISCUSSION
The identification of a sensitive method for directing study of the enzymatic bases of uric acid overproduction in individuals without gross enzyme aberrations was the aim of this study. The measurements employed were chosen after consideration of contemporary hypotheses concerning regulation of the rate of human purine synthesis de novo. The most widely discussed hypothesis regards the antagonistic effects of PP-ribose-P and purine ribonucleotides on the quaternary structure and thus the activity of the enzyme PP-ribose-P amidotransferase (EC 2.4.2.14) as the molecular basis of this regulation (33) . Although no evidence of diminished purine ribonucleotide concentrations as a cause of purine overproduction in a disease state in man has yet been presented and although a recent study (34) has questioned the significance in vivo of purine nucleotide feedback inhibition of PP-ribose-P amidotransferase activity, a stimulatory effect of PP-ribose-P on purine synthesis de novo has been demonstrated in extensive pharmacological (18, [35] [36] [37] [38] [39] [40] [41] , clinical (5, 6, 14, 15, 24, (42) (43) (44) (45) , and kinetic studies (24, 33, 39, 46) . For this reason, determination of fibroblast PP-ribose-P concentration is a critical measurement for a study of the biochemical correlates of purine overproduction.
Concentrations of PP-ribose-P are increased in both hypoxanthine-guanine phosphoribosyltransferase deficiency (15, 24, 45) and excessive PP-ribose-P synthetase activity (5, 6) , but the mechanisms for the increased PP-ribose-P concentration appear to differ in the two Fibroblast PP-Ribose-P and Ribose-5-Phosphate in Purine Overproduction cases. In hypoxanthine-guanine phosphoribosyltransferase deficiency, PP-ribose-P production is normal (11, 31) so that total utilization of this compound must be diminished; in contrast, in excessive PP-ribose-P synthetase activity, the rate of PP-ribose-P production is increased (5, 6) . Thus, by measurement of PP-ribose-P generation, excessive purine nucleotide synthesis de novo due to excessive PP-ribose-P synthesis should be distinguishable from that due to PP-ribose-P accumulation resulting from substantially diminished utilization of PP-ribose-P in other pathways of nucleotide synthesis in which PP-ribose-P serves as a substrate. Finally, since the concentration of ribose-5-P is potentially a determinant of the rate of the PP-ribose-P synthetase reaction in vivo (43) , the possibility that excessive concentrations of this substrate can result in increased concentration and generation of PP-ribose-P provides the rationale for the measurement of the intracellular ribose-5-P concentration.
Several observations relevant to understanding regulatory defects among patients with uric acid overproduction have emerged from analysis of the patterns of deviation from normal for the three determinations in fibroblasts from these patients. The increased PP-ribose-P concentration in all 14 strains showing excessive rates of purine syntheses de novo is evidence for a mechanism of overproduction common to most if not all overproducers. Erythrocyte PP-ribose-P concentrations in two of six patients from group 4 were normal, despite uniformly increased fibroblast PP-ribose-P concentrations. The basis of this discrepancy is unknown, but this observation may explain the difference between the high frequency with which increased PP-ribose-P concentration was found in fibroblasts from group 4 individuals and the low frequency of this finding in erythrocytes from previously studied patients with uric acid overproduction of unknown cause (11, 32) . The normal erythrocyte PP-ribose-P concentrations of some patients with partial deficiencies of hypoxanthine-guanine phosphoribosyltransferase activity (45, 47) , in whom excessive PP-ribose-P concentration would be expected to underlie the observed uric acid overproduction and gout are a further suggestion of the limitations of PP-ribose-P measurements in erythrocytes.
The finding of increased PP-ribose-P concentration in all group 4 patients suggests that in none of these individuals is uric acid overproduction likely to be underlain by increased activity of PP-ribose-P amidotransferase, an enzyme not presently measurable in fibroblast extracts. Although such abnormality has been postulated in two patients as a result of mutations to states of relative insensitivity to purine nucleotide feedback inhibition (31), both of these individuals (patients T. B. and B. P.) have proved to have structurally altered PP-ribose-P synthetase and increased PP-ribose-P concentrations in erythrocytes and fibroblasts. If such mutations in PP-ribose-P amidotransferase do occur in association with purine overproduction, PP-ribose-P concentrations are likely to be normal (or diminished) and the pattern to be expected from the measurements described here is likely to be that of subgroup IV in Table II. Establishment of characteristic patterns of PP-ribose-P concentration and generation and ribose-5-P concentration in fibroblasts from individuals with gross enzyme aberrations (group 3) provides a framework for the identification in other patients of subtle forms of abnormalities in these enzymes. The analyses required to confirm the significance of the seemingly very mild hypoxanthine-guanine phosphoribosyltransferase deficiency in D. B. and to identify the abnormalities in substratebinding affinities in his enzyme and in the PP-ribose-P synthetase of patient B. P. were directed by the results of the fibroblast studies shown here. Final assessment of the reliability of PP-ribose-P and ribose-5-P measurements in predicting enzyme aberrations with the degree of accuracy implied by these first two analyses will await detailed studies in the remaining patients.
The identification of increased ribose-5-P concentrations as well as increased PP-ribose-P concentrations and generation in two strains derived from group 4 patients suggests that, in certain patients, excessive ribose-5-P production may underlie purine overproduction. This finding supports several previous studies implying such a relationship (2, 39, 43, 44) but adds to these direct measurement of ribose-5-P concentration. Purine overproduction due to increased availability of ribose-5-P leading to increased PP-ribose-P generation is a mechanism proposed to explain the increased rate of purine synthesis de novo in patients with glucose-6-phosphatase deficiency (type 1, glycogen storage disease) (2) and the accelerated PP-ribose-P production in erythrocytes from a high proportion of gout patients in whom normal activities of PP-ribose-P synthetase were measured (43, 44) . Although the intracellular inorganic phosphate concentration may exert an important and perhaps primary control over the activity of PP-ribose-P synthetase in vivo (48) , the increase in the rate of purine synthesis de novo during incubation of intact fibroblasts with the electron donor methylene blue, which stimulates the pentose phosphate pathway (49) and increases intracellular ribose-5-P 2 and PP-ribose-P (39) concentrations, provides evidence for a significant role of ribose-5-P in determining the rate of PP-ribose-P production. 
